1. Introduction {#sec0005}
===============

Parkinson's disease (PD) is a chronic neurodegenerative disorder that produces dopaminergic neuronal loss in the substantia nigrapc).[@bib0005] Neuronal loss impairs dopamine production and thus motor input to the basal ganglia, leading to the onset of PD symptoms. In the initial stage of disease, symptoms include tremor, slow movement, stiffness, unbalanced posture, and gait; these symptoms later progress to dysphagia, constipation, body temperature disturbance, and other motor symptoms.[@bib0010] In the patient with PD, they also have lowered plasma level of neurotransmitter including serotonin.[@bib0015] Especially, the decreased serotonin level in blood reflects the mood disorder such as depression.

Given that radiological examinations do not usually demonstrate clear findings in PD, clinical observations are the most informative for diagnosis. The National Institute of Clinical Excellence diagnostic criteria for PD include responsiveness to levodopa treatment and at least 2 relevant symptoms such as tremor, stiffness, and slow movement.[@bib0020] A definitive diagnosis of PD is only attained through pathohistological examination of brain tissue via postmortem biopsy.

Although dopamine therapy is the gold standard for PD treatment, use of dopamine medications for 4--5 years is associated with side effects including dyskinesia in 40% of patients, and this percentage increases to 90% of patients after 9--15 years of use.[@bib0025] Moreover, current pharmacological treatments for PD do not alter disease progression. Therefore, there is a need for novel approaches to protect and preserve neurons in the substantia nigra without producing intolerable side effects in patients with PD.

Hepad S1 is an herbal medicine based on Korean medicinal theory that is comprised of 7 medicinal herbs. Hepad S1 improves PD motor and non-motor symptoms such as sleep disturbance, fatigue, dysphagia, and pain.[@bib0030] In a previous study, we showed that Hepad protected SH-SY5Y neuronal cell lines against MPTP-induced oxidative stress without producing toxicity.[@bib0035] And Hepad could modulate adverse cellular responses relating to Parkinson's disease such as inflammation, apoptosis, and oxidation in neuronal cell.[@bib0040]

The aim of this study is to assess neuro-protective effect of Hepad S1 by regulating oxidative stress in cell culture system. And the efficacies of Hepad S1 were investigated in the level of biological markers relating to PD in the animal model. In this study, we evaluated the therapeutic effects of Hepad S1 in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced model of PD in rats. We measured the therapeutic effects of Hepad S1 on dopamine and complex I enzyme activity as well as cell preservation in the substantial nigra and serum levels of serotonin and orexin A. The Hepad S1, an herbal mixture, would have multi-targeted therapeutic effects in a model of PD.

2. Methods {#sec0010}
==========

2.1. Hepad S1 preparation and HPLC analysis {#sec0015}
-------------------------------------------

Hepad S1 is an herbal extract prepared by boiling water. The formulation was originally developed based on the theory of Korean medicine. Hepad S1 was prepared according to previous study with minor modification.[@bib0035] Briefly, Hepad S1 was extracted from a mixture of the herbs *Atractylodis* Rhizoma, *Cnidii* Rhizoma, *Paeonia Japonica*, *Poria cocos* Wolf, *Zizyphi* Semen and *Glycyrrhizae Radix* et Rhizoma in equal weight proportions. In case of *Uncariae Ramulus* Et Uncus, we added three times larger quantity than other herbs. We named this extract Hepad S1. The extract was prepared from dried herbs (70 g) in 1 L of water boiled at 97 °C for 3 h and condensed by rotary vacuum evaporator (Buchi, Switzerland). The dried powder (11.8 g) was obtained by freeze drying (Ilshinbiobase, Korea) and stored at −80 °C until use. The drug-to-extract ratio was 5.9 (yield percentage, 16.9%). To determine the chemical profile of Hepad S1, 100 mg was dissolved in 10 mL of distilled water and subjected to membrane filtration (0.45 μm). A high performance liquid chromatography (HPLC) analysis was performed using a Shimadzu LC-20A series instrument (Japan). UV detection was performed at 230 nm for paeoniflorin and 250 nm for glycyrrhizin. The column temperature was maintained at 40 °C. Separation was performed on an ACE 5 C18 column (250 mm × 4.6 mm; particle size, 5 μm). The mobile phase was 0.1% acetic acid-water (v/v, solvent A) and acetonitrile (solvent B). The flow rate was 1 mL/min and the gradient was as follows: 0--5 min, 2% B; 5--45 min, 2--100% B; 45--50 min, 100% B; 50--60 min, and 100-2% B. The re-equilibration time was set at 20 min. Standards included paeoniflorin (P0038, Sigma--Aldrich, USA) and glycyrrhizin (glycyrrhizic acid ammonium salt, G2137, Sigma--Aldrich, USA).

2.2. Cell culture {#sec0020}
-----------------

PC12 cells were purchased from the Korean Collection for Type Cultures (Seoul, Korea). Cells were cultured in RPMI medium supplemented with penicillin (100 unit/mL), streptomycin (100 μg/mL), 5% fetal bovine serum, and 10% horse serum at 37 °C in a humidified atmosphere containing 5% CO~2~. The cells were differentiated into neurons by nerve growth factor (NGF, 50 ng/mL) treatment for 3 days.

2.3. Cytotoxicity assay {#sec0025}
-----------------------

PC12 cells were seeded onto 96-well plates at a density of 1.5 × 10[@bib0025] cells/mL and allowed to adhere for 24 h prior to culturing in fresh cell culture medium. Cells were incubated with or without Hepad S1 for 24 h followed by cytotoxicity assay with the Cell Counting Kit-8 assay kit (Dojindo, Japan) as per the manufacturer's protocol. Absorbance was measured at 450 nm with a microplate reader (Molecular Device, Sunnyvale, CA, USA).

2.4. Oxidative stress analysis {#sec0030}
------------------------------

PC12 cells were seeded onto 96-well plates at a density of 2 × 10[@bib0030] cells/mL and allowed to adhere for 24 h prior to culturing in fresh cell culture medium. Cells were pre-incubated with or without Hepad S1 for 2 h followed by 1-methyl-4-phenylpyridium (MPP+, 4 mM) treatment for 24 h. Cells were collected and washed with PBS before reactive oxygen species (ROS) measurement with 2',7'-dichlorofluorescein diacetate (DCF-DA, 10 μM) staining performed for 15 min in the CO~2~ incubator. DCF-DA-stained cells were collected into PBS and analysed by flow cytometry (Becton Dickinson, USA). The amounts of total glutathione and malondialdehyde (MDA) were measured using a glutathione assay kit (Sigma, USA) and lipid peroxidation colorimetric/fluorometric assay kit (BioVision, USA) as per manufacturer protocols.

2.5. Animals {#sec0035}
------------

Six-week-old male Sprague--Dawley (SD) rats (170--200 g) were purchased from Samtako (Kyunggi, South Korea). Rats were acclimated for 1 week and maintained in a room with constant temperature (22 ± 2 °C) and humidity (55 ± 15%) on a 12-h light-dark cycle with *ad libitum* access to Harlan 2018S rodent diet (Envigo, USA) and sterilized tap water. The University Animal Care and Use Committee at Daejeon University approved all animal experimental protocols (DJUARB2016-036, Nov. 18, 2016). The PD model was induced by intraperitoneal injection (i.p.) of MPTP (20 mg/kg) once per day for 5 consecutive days. Hepad S1 was administered orally once per day at the same time (i.e., 14:00) for 4 weeks. L-DOPA (10 mg/kg, i.p.) was used as a positive control treatment.

2.6. Serum serotonin and orexin A {#sec0040}
---------------------------------

Blood was collected from the tail vein and coagulated at room temperature for 30 min. Samples were centrifuged at 1,800*g* for 15 min and serum was obtained by collecting the supernatant. Concentrations of serotonin and orexin A were measured using rat serotonin and orexin A enzyme linked immunosorbent assay (ELISA) kits (MyBioSource, USA) as per manufacturer protocols.

2.7. Complex I enzyme activity and dopamine in the substantia nigra {#sec0045}
-------------------------------------------------------------------

After completing treatment, rats were anesthetized by inhalation of 5% ethyl ether (Sigma--Aldrich, USA) for 3 min and sacrificed and the substantia nigra was dissected from the brain. Tissue (500 mg) was homogenized in PBS by sonication at 70% pulse 10 times for 15 s with 50-s intervals using a sonicator (Qsonica, USA). Tissue lysates (supernatants) were obtained by centrifugation at 1,500*g* for 15 min. Complex I enzyme activity and dopamine were measured using a complex I enzyme activity microplate assay kit (Abcam, United Kingdom) as per manufacturer protocols.

2.8. Histology {#sec0050}
--------------

Animals were perfused with 0.9% saline solution followed by 4% paraformaldehyde at 20 mL/mL through the left ventricle. The brain was then isolated and post-fixed in 4% paraformaldehyde for 48 hr. Brain sections (25 μm) were prepared by cryomicrotome (Leica CM1850, Germany), incubated with anti-tyrosine hydroxylase (TH) antibody (1:2000) for 24 h at 4 °C, incubated with secondary biotin-conjugated antibody for 2 h at room temperature, and developed with streptavidin peroxidase and avidin-biotin peroxidase complex (Abcam, United Kingdom). Images of identical fields of view were acquired using a microscope (ZEISS AXioskop2, Germany) equipped with a microscope camera (ZEISS AXiocam ICc1, Germany). The TH-positive cells were counted in brains sections from 4 different animals in each group by blinded 2 independent researchers. All the stained cells were count in the area of substantia nigra under bright field microscope.

2.9. Statistical analysis {#sec0055}
-------------------------

Data are expressed as the mean ± standard deviation. Data were analysed with unpaired student's t-tests for 2-group comparisons and one-way analyses of variance (ANOVA) followed by turkey's test for comparisons of more than 2 groups. All analyses were performed using the SPSS statistical software package, version 11.0 (SPSS Inc., Chicago, IL, USA). A P value of \<0.05 was considered statistically significant.

3. Results {#sec0060}
==========

3.1. Standardization of Hepad S1 {#sec0065}
--------------------------------

Hepad S1 was standardized by component analysis with HPLC. Paeoniflorin and glycyrrhizin, which are commercially available standard chemicals, were selected as surrogate markers for *Paeonia japonica* and *Glycyrrhizae Radix* et Rhizoma, respectively. The HPLC analysis confirmed the presence of these markers in our Hepad S1 preparation (Supplemental Fig. S[1](#fig0005){ref-type="fig"}).

3.2. Hepad S1 exerts antioxidant effects in PC12 cells {#sec0070}
------------------------------------------------------

We first examined the cytotoxicity of Hepad S1 in PC12 cells. There was no detectable cytotoxicity up to 100 μg/mL Hepad S1 ([Fig. 1](#fig0005){ref-type="fig"}A). We then assessed the neuroprotective effects of Hepad S1 in PC12 cells exposed to MPP+, which has been previously reported to increase the production of ROS in PC12 cells.[@bib0045] Hepad S1 treatment prevented cell death in a dose-dependent manner ([Fig. 1](#fig0005){ref-type="fig"}B). Moreover, Hepad S1 treatment significantly decreased numbers of DCF-DA positive PC12 cells ([Fig. 1](#fig0005){ref-type="fig"}C). Glutathione is a major cellular antioxidant that is diminished in substantia nigra of patients with PD.[@bib0050] Hepad S1 (100 μg/mL) preserved total glutathione in PC12 cells after MPP + challenge ([Fig. 1](#fig0005){ref-type="fig"}D) and additionally decreased the level of lipid peroxidation in a dose-dependent manner ([Fig. 1](#fig0005){ref-type="fig"}E). Taken together, these data indicated the neuroprotective and antioxidant effects of Hepad S1 in PC12 cells.Fig. 1Effects of Hepad S1 on oxidative stress in cultured neurons. Hepad S1 cytotoxicity was measured by wst-8 in NGF-induced neuronal PC12 cells. PC12 cells were treated with Hepad S1 at the indicated concentrations for 2 h (A) without or (B) with 4 mM MPP + for 24 h. (C) Cells were incubated with PBS containing 10 μM DCF-DA for 10 min and then analysed by flow cytometry. (D) Total glutathione and (E) MDA were measured using commercially available assay kits. Data are expressed as the mean ± standard deviation. \#\#\#p \< 0.001 vs. control; \*p \< 0.05 and \*\*p \< 0.01 vs. vehicle. Con, control.Fig. 1

3.3. Hepad S1 up-regulates complex I enzyme activity in the substantia nigra {#sec0075}
----------------------------------------------------------------------------

Next, we assessed the antioxidant effects of Hepad S1 on substantia nigra neurons *in vivo* using a rat MPTP model of PD. The experimental procedure was performed as Supplemental Fig. S2. For *in vivo* study, we determined the minimum dose based on the clinical application. The dried Hepad S1 (11.8 g) is a standard daily dose for a patient. This dose is equivalent to approximately 200 mg/kg, which is a standard dose for a day in animal experiment. The higher doses were determined by adding 100 mg/kg in each. MPTP injection significantly reduced complex I enzymatic activity in the substantia nigra. This effect was rescued by Hepad S1 treatment; 2-fold increase in 500 mg/kg compared to MPTP control. This result suggested that Hepad S1 regulates the cellular redox system in the substantia nigra ([Fig. 2](#fig0010){ref-type="fig"}A).Fig. 2Effects of Hepad S1 on MPTP-injected rats. MPTP-injected rats were treated with Hepad S1 at the indicated concentrations for 4 weeks. Substantia nigra in brain were obtained and (A) complex I enzyme activity and (B) dopamine content were measured with a commercially available assay kit. (C) Numbers of TH-positive cells in the substantia nigra. (D) Serum serotonin and (E) serum orexin A were measured using commercially available enzyme-linked immunosorbent assay kits. Data are expressed as the mean ± standard deviation. \#\#\#p \< 0.001 vs. naïve group; \*p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001 vs. control group. N, Naïve group, Con, control group; DP, L-DOPA-treated group.Fig. 2

3.4. Hepad S1 preserves dopamine function in the substantia nigra {#sec0080}
-----------------------------------------------------------------

The effect of Hepad S1 on dopamine production in the substantia nigra was estimated by neuropeptide quantification with an ELISA. MPTP treatment decreased tissue dopamine levels whereas Hepad S1 treatment increased dopamine concentration in a manner similar to L-DOPA treatment. Treatment with 400 and 500 mg/kg Hepad S1 was more efficacious than L-DOPA for increasing dopamine content in the substantia nigra ([Fig. 2](#fig0010){ref-type="fig"}B). To confirm these results, we next stained for TH-positive dopaminergic neurons in the substantia nigra.[@bib0055] Whereas MPTP treatment decreased numbers of TH-positive cells in the substantia nigra and ventral tegmental area (Supplemental Fig. S3), Hepad S1 treatment rescued numbers of TH-positive cells in substantia nigra ([Fig. 2](#fig0010){ref-type="fig"}C). These results indicated that Hepad S1 protected dopaminergic cells in the substantia nigra against MPTP-induced damage.

3.5. Hepad S1 regulates serum neuropeptide levels {#sec0085}
-------------------------------------------------

Finally, we investigated the effects of Hepad S1 on serum levels of serotonin and orexin A in MPTP model rats. MPTP treatment decreased the serum level of serotonin to approximately 41% of that in the naive group. In contrast, 500 mg/kg Hepad S1 increased serum serotonin by 11% compared to the control group ([Fig. 2](#fig0010){ref-type="fig"}D). High levels of orexin A disturb sleep and maintain the waking state, consistent with sleep disturbances in PD. Indeed, MPTP treatment increased the serum level of orexin A compared to the naïve group ([Fig. 2](#fig0010){ref-type="fig"}E). Hepad S1 treatment significantly decreased the serum neuropeptide level to 58% and 50% of control at doses 400 and 500 mg/kg, respectively. These results revealed that Hepad S1 regulates neuropeptide production after MPTP treatment.

4. Discussion {#sec0090}
=============

PD is a motor disorder involving bradykinesia, tremor, posture instability, and stiffness related to a decrease in the number of dopaminergic neurons in the substantia nigra. Although levodopa is the only proved drug for PD, it does not delay or diminish the progressive loss of dopaminergic neurons. In this study, we showed that Hepad S1 treatment increased the number of TH-positive dopaminergic cells in the substantia nigra, consistent with our previous study demonstrating that Hepad increased the number of dopaminergic neurons in rats treated with 6-OHDA.[@bib0035] We also found that Hepad S1 treatment increased dopamine levels in the substantia nigra and in serum, suggesting that Hepad S1 may ameliorate PD symptoms by restoring dopaminergic function.

ROS are posited to mediate neuronal death in PD.[@bib0060] Mitochondria produce ROS as an inevitable by-product of energy metabolism; however, overproduction or improper ROS scavenging can lead to disrupted cellular function and cell death.[@bib0065] Accordingly, cell death attributed to mitochondrial ROS is one suggested trigger of PD pathogenesis.[@bib0070] We found that Hepad S1 treatment reduced ROS accumulation, preserved glutathione, and decreased lipid peroxidation in neurons differentiated from PC12 cells. Moreover, Hepad S1 elevated complex I enzyme activity *in vivo*, which is significantly reduced in patients with PD.[@bib0075] Therefore, our data suggest that Hepad S1 has powerful antioxidant activity that may prevent the loss of dopaminergic neuron cell in substantia nigra.

Motor symptoms are the major complaint in PD; however, ongoing studies increasingly emphasize the importance of non-motor symptoms,[@bib0080] particularly as way to improve quality of life in patients with PD.[@bib0085] Sleep disorder is a major non-motor complaint in PD.[@bib0090] Although patients with PD are generally able to fall sleep, sleep duration and the sleep-wake are typically shorter in patients with PD than in healthy subjects.[@bib0095] Moreover, patients with PD exhibit diminished rapid eye movement (REM) sleep.[@bib0100] Accordingly, sleep disturbance impairs quality of life in patients with PD.[@bib0105] In the present study, we showed that Hepad S1 decreased serum levels of orexin A in MPTP-treated rats. Orexin A is a neuropeptide that regulates the sleep-wake cycle,[@bib0110] and increased orexin A in the brain disturbs the REM sleep and prolongs the arousal stage.[@bib0115] Additionally, orexin A is thought to regulate depression and dementia as well as sleep disturbance, which are other non-motor complaints in PD.[@bib0120], [@bib0125] Therefore, orexin A may influence several non-motor syndromes of PD.[@bib0130], [@bib0135] Given the observed effects of Hepad S1 in rodents, future studies should evaluate the effects of Hepad S1 on orexin neuron activation and sleep-wake regulation.

Serotonin (5-HT) is an amine neurotransmitter involving in stress, depression, anxiety, and peristatic movement.[@bib0140] Serotonergic dysfunction is associated with motor and non-motor symptoms. The patient with PD showed reduced serotonin level in brain.[@bib0145] The blood level of serotonin is also associated with non-motor syndromes in PD. In our study, the level of serotonin was upregulated by Hepad S1 (Fig. 5A). This result implicated that Hepad S1 might modulate the non-motor symptoms of PD such as depression and anxiety, which are the major non-symptoms of PD.[@bib0080]

All the ingredients of Hepad S1 might be effective on PD. *Atractylodis Rhizoma* is a traditional herb medicine treating ischemic stroke[@bib0150] and having anti-oxidant activity.[@bib0155] In our study, Hepad S1 showed neuroprotective effect, which had been suggested that *Atractylodis Rhizoma* has similar effects; *Atractylodis Rhizoma* reduced excitotoxicity‐induced neuronal apoptosis in primary cultured cerebral cortical neurons.[@bib0160] *Cnidii Rhizoma* may protect neuronal toxicity in PD based on the finding that ferulic acid from the herb showed neuro-protective activity in ER stress-induced apoptotic cells.[@bib0165] *Paeonia Japonica* is known to improve movement activity by increasing the production of serotonin.[@bib0170] Dai et. al., suggested that the combination of *Poria cocos, Radix Glycyrrhizae,* and *Rhizoma Atractylodis* was effective on depression which is a symptom usually accompanied with PD.[@bib0175] *Zizyphi Semen* may have an activity controlling central nerve system. Sanjoinine A, a chemical component of *Zizyphi Semen* extended the sleeping time and latency through activation of GABA~A~ receptor[@bib0180] and supressed onset of NMDA-induced seizure via inhibiting intracellular calcium influx.[@bib0185] *Uncariae Ramulus* is also shown to have strong neuro-protective effect against oxidative stress in mouse cerebral neurons.[@bib0190] *Glycyrrhizae Radix* et Rhizoma is well known to protect hippocampal neuronal cell death.[@bib0195] Liquiritigenin is an active compound of *Glycyrrhizae Radix* et Rhizoma and suggested that protects dopaminergic neuronal cell death by inhibiting poly ADP-ribose (PAR) accumulation.[@bib0200] The neuroprotective effect of Hepad S1 might be the combination of pharmacological activity of each herb, which resulting in increased the number of TH-positive cells in substantia nigra.

The combination of herbs is an established technique in Korean medicine for achieving various medicinal effects, such as therapeutic synergy or the neutralization of toxicity.[@bib0205] In Korean medicine theory, drugs were categorized into Major, Complementary, Neutralizing, and Delivery/Retaining. Hepad S1 consists of 7 herbal medicines containing various chemical compounds. *Uncariae Ramulus* was a Major in Hepad S1 due to the anti-tremor effect; tremor is one of the main complaints of patients with PD. Complementary, which boosts the efficacy of Major, was *Cnidii Rhizoma, Paeonia Japonica, Poria cocos,* and *Zizyphi Semen*. These herbs are known to have spasmolytic and relaxing effects. *Atractylodis Rhizoma* was used as Delivery/Retaining. Finally, *Glycyrrhizae Radix* et Rhizoma was used for Neutralizing. This herbal combination of Hepad S1 is thought to enhance therapeutic efficacies more strongly than single plant medicine treatment. The single herb has limited number of active compounds than combination. The multiple compounds with multiple targets in herbal combination interact each other and lead to enhance the medical efficacy and neutralize unexpected side effects. Therefore, herbal combination of Korean medicine has advantages than the single herb treatment. Never the less, the main active compounds of Hepad S1 and the interaction among them must be determined to elucidate the mechanisms of action.

The present study demonstrates that Hepad S1, a Korean medicinal herbal combination, exerted therapeutic effects in a rodent model of PD through neuroprotection, antioxidant activity, and the preservation/restoration of dopamine function. However, behavioural test needs to be validated the efficacy of Hepad S1 on PD. Drug safety test is also needed to be elucidated to warrant clinical application. Despite the limitations, this preclinical data warrants future investigation to inform the utility of Hepad S1 in clinical patients with PD.
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